1. Changes in activity of ATPase (adenosine triphosphatase) during the cell cycle of Schizosaccharomyces posnbe were analysed in cell-free exttats of cells harvested from different stages of growth of synchronous cultures and also after cell-cycle fractionation. 2. Oligomycin-sensitive ATPase oscillates in both glucose-repressed and glucosede-repressed synchronous cultures and shows four maximna of activity approximately equally spaced through the cell cycle. The amplitude of the oscillations accounts for between 13 and 80% of the total activity at diffetent times in the cell cycle. 3. Oligomycin sensitivity varies over a fourfold range at different stages of the cell cycle. 4. The periodicity of naXimurm oligomycin sensitivity is one-quarter of a cell cycle. 5. These resultg were confirmed for the first three-quarters of the cell cycle by cell-cycle fractionation. 6. In cells growing synchronously with glycerol, ATPase activity increases in a stepwise pattern, with two steps per cell cycle; the first of these occurs at 0.54 of the cell cycle and the second at 0.95. 7. These results are discussed in relation to previously obtained data on the developmieit of mitochondrial activities during the cell cycle.
Previous work has shown that the development of respiratory activity during the cell cycle of the fission yeast Schizosaccharomyces pombe occurs discontinuously. In cells growing synchronously in the presence of 1 % glucose, many of the enzymes of terminal respiration are catabolite.repressed, and respiration rates and enzymes exhibit peak patterns o5f expression, as do cytochromes bi6s(bT) and a+a3 . Cells growing syhohronously on glycerol also show periodic expression of respiratory activities, but, under these catabolite-de-repressed conditions, rates of respiration, cytochromes and cytochrome c oxidase activity all show stepwise expression, whereas the activities ofother enymes assayed again show two distinct maxima during the cell cycle .
The mitochondrial ATP synthetase complex of S. pombe has been studied by Goffeau et al. (1972 Goffeau et al. ( , 1973 . The Fl-ATPase* from glycerol-grown S.pombe it similar to the manimalian enzyme and to that from Saccharomyces cerevtsiae (Kagawa & Racker, 1966; Schatz et al., 1967; Tzagoloff & Meagher, 1971) . The biosynthesis of the ATP synthetase complex in yest (like that of cytochfome c oxidase) is under the dual control of the mitochondrial and extramitochondrial proteim-synthesis systems; polypeptide 0 Abbreviatioi: AtPmej adetosine ttiphosphtas.
Vol. 162 subunits of both F1-ATPase and the oligomycinsensitivity-conferring peptide are coded for by nuclear DNA and synthesized oi cytoplasmic ribosomes, whereas the four polpeptides of the metnbrafte factor (F0) are synthesized on mitochondrial ribosomes (Tzagoloff, 1969 (Tzagoloff, , 1970 (Tzagoloff, , 1971 Tzagoloff et al., , 1973 Landry & Goffeau, 1972) .
In the present study we have used synchronous cultures and the technique ofcell-cycle fractionation to study the time-course of development of ATPase during the cell cycle of S. pombe, Under both catabolite-repressed and -de-repressed conditions. As with cytochrome c oxidase, ATPase activity is expressed periodically, as peaks in glucose-grown cultures, and as steps in glycerol-grown cultures. Sensitivity to oligomycin shows marked variations during the cell cycle. This suggests that analysis of eVents in synchronous cultures provides a powerful approach to the elucidation of the temporal sequence and mechatism of assembly of subunit polypeptides into functional ATP synthetase under conditions of normal balanced growth.
Experimnental
Maintenance, growth and harvesting ofthe organism S. pombe 972h-was maintained on 3 % (w/v) Malt extact/agar and grown with forced aeration in minimal media containing either 1 % glucose or 1 % glycerol, exactly as described previously .
Preparation and harvesting of synchronous cultures
Synchronous cultures were prepared by the continuous-flow size-selection procedure described by Lloyd et al. (1975) . Cultures were grown until the population of organisms was approx. 4 x 107cells/ml; at this stage, in growth with glucose, they were catabolite-de-repressed . The culture was then delivered with a flow rate of 1 litre/min into the continuous-flow rotor of an MSE 18 centrifuge operating at 3000rev./min. Under these conditions rate-separation of organisms occurred so as to leave about 10 % ofthe original cell population in the rotor effluent. This effluent, containing the smallest cells of the culture, was force-aerated at a flow rate of 1 litre of air/litre of culture. Zero time for the growth of this synchronous culture was taken when half the culture had passed through the continuous-flow rotor. The degree of synchrony was assessed by the synchrony index (F) of Blumenthal & Zahler (1962) , which has a value of 1.0 for a theoretically perfect synchronous culture, and 0 for an exponential culture. Organisms were counted in a Thoma haemocytometer slide (Hawkesley, Lancing, Sussex, U.K.) or in a Coulter Counter (model ZB; Coulter Electronics Ltd., High St. South, Dunstable, Beds., U.K.). Measurements of cell size were also 'performed with a Coulter Counter fitted with a P64 Channelyzer (Coulter Electronics Ltd.). Harvesting of synchronous cultures and washing of cells was as described for asynchronous cultures (Lloyd & Edwards, 1976) .
Cell-cycle fractionation by zonal centrifugation
This was by rate-zonal centrifugation on a linear gradient in anHSA zonal rotor running in an MSE18 centrifuge as described previously . Sedimentation of the organisms was at 1500rev./min for 5min.
Preparation of cell-free extracts
Disruption of organisms in 50mM-Tris/H2SO4 buffer, pH8.6, was by one slow passage through a chilled French Press (Milner et al., 1950) at 107 MPa (15 6001b/in2) or by focused-field sonication for 30s at 1 MHz (Coakley, 1971) . The resulting suspension was centrifuged at 4000rev./min (2000g; ray. 7.6cm) for 5min in the 16x15ml rotor of an MSE 18 centrifuge to remove unbroken cells and cell-wall fragments; the supernatant (termed the cell-free extract) was decanted, care being taken to avoid disturbance of the lower layers. Assays were performed on crude extracts rather than on purified submitochondrial particles to account for pools of unincorporated precursors of mitochondrial ATPase; under the assay conditions used, the contribution of ATPases of membranes other than mitochondria was minimal.
ATPase assays
ATPase (EC 3.6.1.3) was assayed by both proton release and Pi release as described previously (Lloyd & Edwards, 1976 ).
Other determinations
Protein. Protein was measured in cell-free extracts by the method of Lowry et al. (1951) with bovine serum albumin as standard. Total cell protein was determined by the method of Herbert et al. (1971) with the same standard.
Glucose. Glucose was determined by using Sigma kit 510.
Sucrose. Sucrose concentrations were measured by using the results of de Duve et al. (1959) .
Chemicals
ATP, carbonic anhydrase and oligomycin were all from Sigma (London) Chemical Co. Ltd., Kingstonupon-Thames, Surrey, U.K. The oligomycin is a 17:3 (w/w) mixture of oligomycin B and oligomycin A. Bovine serum albumin was from Armour Pharmaceutical Co., Eastbourne, Sussex, U.K. The sucrose used was mineral-water sugar from Tate and Lyle Ltd., Cardiff, Wales, U.K.
Results
Changes in ATPase activity and oligomycin-sensitivity during synchronousgrowth in thepresence ofglucose Continuous-flow size selection gave 10% of the total population of a glucose-grown culture. These small cells were collected from the rotor effluent in a second continuous-flow centrifuge (Type Lab 102B-25; Alfa Laval Co., Great West Rd., Brentford, Middx., U.K.) and were finally resuspended in fresh growth medium containing 1 % glucose. Forced aeration of this suspension gave a synchronous culture growing under conditions of catabolite repression. Cell numbers increased in a stepwise manner through two doublings (Fig. la) , and the degree of synchrony was satisfactory as indicated by synchrony indices. The duration of the second cell cycle (i.e. the time-interval between the first and second doubling in cell numbers; 2.8h) was similar to the mean generation time of the exponential culture from which the cells had been selected. The first cell cycle was always shorter than the second cycle in this type of experiment; this was a consequence of delays incurred during harvesting and resuspension of the cells. The glucose concentration in the medium decreased from 60 to 45mM during the experiment (Fig. la) . Total protein in the culture showed an exponential increase ( In the complete cell cycle, between the first and second doublings in cell numbers, three distinct maxima of ATPase activity are evident (Fig. lb) ; the amplitude of the oscillation corresponds to about 70% of the total activity. More than 70% of the enzyme activity was sensitive to oligomycin; however, the proportions of oligomycin-sensitive and oligomycin-insensitiveATPasevariedthroughout the experiment (Fig. lb) .
Continuous-flow size selection of 16% of the total population of a catabolite-de-repressed culture (glucose concentration 16mM) was used to establish the synchronous culture shown in Fig. 2 . The glucose concentration in the medium decreased from 16mM to 5mM during two doublings in cell numbers (Fig. 2a) . ATPase activity shows a complex pattern of expression ( Fig. 2b) : both assay methods indicated the presence of two major maxima and the possible occurrence of two other maxima between these. The amplitude of the oscillation corresponds to between 40 and 70% of the total activity. At the start of the second cycle ATPase activity was higher at pH6.8 than that at pH8.6, whereas over the last two-thirds of both cell cycles enzyme activity was higher at the higher pH value. However, a close correspondence between the profiles of enzyme activity at the two pH values was evident throughout, and the ratio of activities at these pH values did not vary greatly.
Sensitivity of ATPase to inhibition by oligomycin varies in cell-free extracts prepared at different times in the cell cycle (Fig. 3) ; these inhibitor titrations enabled the evaluation of 10 values and assessment of oligomycin-sensitive and oligomycin-insensitive ATPases (Fig. 2d) . Values for 150 for oligomycin showed a striking (4.5-fold) variation through the cell cycle (Fig. 2c) ; the period of this oscillating inhibitor response was approx. 0.25 of a cell cycle. The activity of oligomycin-sensitive ATPase showed four maxima during the cell cycle, whereas the oligomycin-insensitive enzyme showed only two maxima ofactivity during the same time-interval.
Cell-cycle analysis ofglucose-de-repressed organisms; changes in oligomycin-sensitivity ofATPase Rate-zonal centrifugation through a sucrose gradient separates classes of cells that represent successive stages in the cell cycle . Cell volume increases linearly during the first three-quarters of the cell cycle and then remains constant while a cell plate is formed (Mitchison, 1971) ; the last quarter ofthe cycle cannot therefore be investigated by this procedure. Volume of equivalent sphere (3) Fig. 4 . Size distributions of cell populations after rate-zonal centrifugation of a glucose-de-repressed exponentially growing culture of S. pombe A susension (S0ml) containing 42g wet wt. ofdelitWag prepared after harvesting cells at a population of4.2x 107cells/ ml was loaded on a sucrose density gradient in an MSE HSA zonal rotor. Centrifugation was at 1500rev./min for 5min (0.72x l1"g-inin at the sample zone; fL2-dt = 1.1 x l14rad&'s"'). Size The size distributions of cell populations in the fractions obtained after rate-zonal centrifugation of a catabolite-de-repressed exponentially growing cell suspension are shown in Fig. 4 . Mean cell volumes and cell numbers in these fractions are shown in Fig. 5(a) . Total ATPase of cell-free extracts shows a complex pattern of expression; at least three maxima of enzyme activity per cell occurred during the first 0.75 of a cell cycle (Fig. 5b) . Oligomycin-sensitivity (as measured by values for 150) varied over a fourfold range and showed three maxima over that portion of the cell cycle amenable to study by this method (Fig. Sc) .
Changes in ATPase activity and oligomycin-sensitivity during synchronousgrowth in thepresence ofglycerol Flocculation of organisms during the late exponential phase of growth of S. pombe in the presence of glycerol decreases the yield of organisms available for continuous-flow size selection. In the experiment shown in Fig. 6 only 5 % of the original population remained in the rotor effluent; this suspension, however, gave excellent synchrony (F = 0.82), with a cell-cycle time (4.2h) similar to the mean generation time of the exponential culture. Total protein in the culture increased exponentially, and the efficiency of cell disruption remained fairly uniform throughout the experiment (Fig. 6a) .
ATPase activity increased in a stepwise manner (Fig. 6b) and doubled during each cell cycle. At both pH values two steps are clearly evident in the second cycle, and at pH 8.6 corresponding steps in the first cell cycle are also seen (mid-points at 0.54 and 0.95 ofthe cell cycle). A double step is less evident at pH6.8 in the first cycle. Sensitivity to oligomycin (values for I50) measured from titration curves showed a fivefold variation (Fig. 6c) . Oligomycin-insensitive ATPase accounted for between 25 and 60% of the total ATPase of the extracts and showed regular fluctuations (Fig. 6d) .
Discussion
Previous results have indicated that many mitochondrial enzymes in the fission yeast S. pombe are catabolite-repressible Lloyd & Edwards, 1976) . The progress of biogenesis of mitochondrial components in synchronous cultures may be more easily appreciated in a physiological situation where the complex modulation of respiratory activity resulting from glucose repression is completely eliminated, i.e. in a culture growing in the presence of glycerol . In both catabolite-repressed and -de-repressed conditions, the activity of ATPase is expressed discontinuously as the organisms of the synchronous culture progress through the cell cycle. Cells growing with glycerol show a double step in the appearance of 1977 ATPase in each cell cycle, whereas cells growi'g with glucose (under both glucose-repressed and glucose-de-repressed conditions) show a complex oscillatory mode of expression. In this respect ATPase is similar to several other mitochondrial activities; thusrespiratoryrates, cytochrome c oxidase activities and total cytochrome a+a3 also oscillate in glucose-grown cultures, but increase in double steps in the cell cycle of glycerol-grown cells , 1974 ; those on cytochromes are from Poole et al. (1974) , and those on cell cycle events arefrom Mitchison (1971) . 0°indicates the midpoint ofdoubling in cell numbers; S represents the duration of nuclear DNA synthesis. ipc,pepndent mWthod pf investigatipn, that of cellcycle fractionation (lc), which can only be applied to the first 0.75 of a cel cycle. Scheme 2 summarizes all the information now available on the timing of enzyme accumulation during the cell cycle of glucose-repressed cells. The second and third maxima of ATPase activity coincide with the two maxima previously observed for cytochromes a, a+a3 and b563 (bT), and the third maximum ofATPase activity (at 0.65 cycle) is close to the sin,gle mnaximum observed for cytochrome c oxid,se activity (at 0.67 cycle).
A sixfold increase in sensitivity of mitochondrial ATPase to oligomycin has previously been observed during catabolite de-repression of S. pombe (Lloyd & Edwards, 1976) , and possible factors involved have been discussed. A major contribution in that system is provided by a naturally occurring ATPase inhibitor; binding of this component to the ATP synthetase complex renders it more susceptible to inhibition by a wide variety of agents (Lloyd & Edwards, 1976 (Lloyd, 1974) . Thepresent method induces nq detectable metabolic perturbation, and thus provides a unique opportunity for the study of the temporally organized sequences of events occurring during 'normal' or 'balanced' cell growth.
